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Abstract:  
 The purpose of this report is to document the progression of the authors senior project.  .  The of 
that project was the research of Liquid Cooled Garment (LCG) technology, the generation of a 
novel LCG prototype and the testing of that prototype relative to a commercial benchmark.  As 
such, this report is a complete narrative of the of these tasks, their execution and the underlying 
assumptions and commentary.   The motivation for this report is to satisfy the capstone 
requirements of the MET program at CWU by documenting the Senior Project and its 
subordinate tasks.   First, the student designed a LCG system based on the knowledge gained 
from his coursework and independent research.  Two water-circulating vests were constructed 
from copper tubing, and a third military-surplus device was purchased from Ebay.  All three 
were tested using a sample set of college aged males performing routine excercises.  Afterward, 
the test subjects were served with a likert-scale survey and short-answer questions, so that the 
qualitative properties of the vests could be recorded.  It was determined that the benchmark vest 
had a superior heat transfer effect, but the optimization  of the copper vests produced an end 
product that was more comfortable than  the initial prototype and had a greater perceived 
effectiveness than the benchmark.  
 
Keywords: Liquid Cooled Garment, Heat Transfer, Heat Load 
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1: INTRODUCTION 
A Description 
This is the capstone project of the MET program at CWU Ellensburg.  All students are 
required to complete a Senior Project which is approved by the faculty before graduation. 
B: Motivation 
The motivation for this project was a problem inherent to most types of protective 
clothing.  A device is needed that will dissipate waste body heat from a user wearing non-
breathable protective clothing.  There are personal microclimate devices and garments available 
commercially, for example, liquid cooled vests for motorcyclists, helicopter pilots and bomb 
disposal technicians.   However, these are not designed to cool a body which is exerting itself in 
an athletic capacity. 
C: Function statement 
The Device will: 
1. Facilitate the flow of heat from the user’s body. 
2. Dissipate waste heat outside of the user’s microclimate. 
3. Regulate the surface temperature of the user’s body. 
D: Design Requirements, 
The finished device must: 
1.  Weigh less than 10 kg 
2.  Transfer 450 watts of heat away from a user with a skin temperature of 40 deg C, to dry air at 
a temperature of 35 deg C. 
3.  Remain in continuous operation for a period of 10 minutes. 
4.  Be compatible with full-seal protective clothing 
5. Cost less than 300 USD 
E: Engineering Merit 
 Several engineering problems encompassed here, fluid pressure loss throughout the 
system, heat transfer through tubing wall and convection and mass flow rate. 
The design process of the device can be broken into discrete problems. 
1: Sizing heat Exchanger 
2: Determining required Flow rate 
3: Determining pressure loss due to length and geometry of heat exchanger 
4: Determining power required to circulate working fluid 
5: Determining the mass of the completed device 
F: Project Scope: 
The goal of this project is to produce a usable heat-dissipation garment similar to those 
commercially sold in 2016, sized for and with additional provisions to handle the increase in 
body heat associated with physical exertion.  This will require an initial study into the heat 
properties of the human body, the mechanical processes necessary to remove this heat and the 
off-the-shelf components necessary to accomplish these effects.  It will also be necessary to 
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construct a testing apparatus to verify the performance characteristics of the vest.  The testing 
apparatus will also be used to optimize the vest assembly. 
 
G: success criteria 
1.  The device removes at least 200 watts from the user 
2. The device weighs less than 10 kg 
3. The device does not inhibit the bodily motions of the user 
 
2: DESIGN AND ANALYSIS 
A: Approach: Proposed Solution 
 
Normal HVAC systems remove body heat from using air flow through heat exchangers 
installed in the ventilation system.  This same effect can be achieved using a heat exchanger in 
close proximity to the users skin; a direct heat exchanger.  Since the object of this project is to 
transfer more heat than commercially available direct heat exchange vest units, the material 
selected for the heat exchanger must have a high thermal conductivity and toughness.   1/4 “ 
copper water line is an obvious choice. 
In order to properly size this heat exchanger, the skin temperature and heat output of the 
user under work conditions must be taken into account. 
  
According to the ASHRAE Pocket Guide for Air Conditioning, Heating, Ventilation 
Refrigeration, an adult male engaged in “heavy work” produces 1500 btu/h or about 440 watts of 
heat.  For the purposes of this project, this value will be increased to a 450 watt heat load. 
 
A 1992 study conducted at the Kyushu Institute of Technology, measured the skin 
temperature of adult males riding exercise bikes in a heated room with an ambient temperature 
similar to highs recorded in Ellensburg during June of 2016.  These men exhibited an average 
skin temperature of about 40 degrees. 
B: Design Description and Illustration 
The finished Vest will be an array of copper tubing held in contact with the wearers skin 
using a vest.  Fluid will be fed into and out of the vest using Polyurethane tubing through the 
neck and hood opening. 
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C: Benchmark 
The most comparable product on the market in 2016 is the MED ENG personal cooler 
system.  This system uses an combined compressor water chiller and pump unit to circulate 
coolant to chilling vests in the crew compartment of a combat vehicle.  Surplus vests can be 
purchased on Ebay for between 30 and 100 USD.  The vest will be tested in parallel with the 
project vest.  Initially, it’s cooling effect is assumed to be approximately 200 watts. 
 
 
BENCHMARK SUMMARY: 
PRODUCT LOAD (Watts) COST (USD) 
MED ENG AIR WARRIOR VEST 200 40 (Ebay) 
 
D: Performance Predictions 
1. The vest will remove between 200 and 450 watts. 
2. The vest will exhibit a pressure drop which is within 2 kilopascals of the calculated amount, 
12.92 kilopascals 
3. The system will weigh in within 1 kg of the calculated amount, 8.96 kilograms 
E: Description of Analyses 
This project encompasses two disciplines of engineering; Fluids and Thermodynamics.  
Each of these applies to the two major subsystems of the project device, the Vest and the Sensor 
Block.  The analyses required to optimize both are as follows: 
 
1. - APPENDIX A-1: Equations of steady-state conduction and forced convection are used to 
determine the size of the heat exchanger.  
General principle is a simple heat exchanger in contact with the users skin.  Tubing is 
modeled as a pipe with an overall heat transfer coefficient that is a weighted average of two 
heat exchange coefficients from a conduction and convection exchange mode, with the 
weighting based on the portion of the tube in contact with the users skin, estimated at around 
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25%.  Calculated value of this overall heat exchange coefficient is 93.25 W/(m^2*C) for 
copper tubing. 
The coefficient mentioned above is used to find the required length of tubing for a given 
heat load in Watts at a given temperature condition. 
Approximately 18.5 meters of tubing are required. 
 
2. APPENDIX A-2:  The required rate of fluid flow through the device is determined. -  
Density and specific heat values are taken from the appendix of the Thermo-fluid 
science textbook.  These are used with the known heat load and the required mass 
flow rate is computed.  This is then converted to a volumetric flow rate based on the 
density of water. 
  A flow Rate of 7.21 cubic centimeters per second is required. 
 
3. APPENDIX A-3: Equations for internal flow are used to determine the pressure loss caused 
by the Vest geometry and size -  
The flow rate is used to compute the fluid velocity, which is used with the density of 
water and tubing diameter to determine the Reynolds number through the system.  
This is converted to a friction factor and applied to the equation for major head loss 
for internal flow. 
 The appropriate Kloss factors are selected and applied to the equation for minor 
head losses.  The total major and minor head losses are summed and converted to 
Pressure loss. 
  There is a pressure loss of 10.6 kilopascals across the vest. 
4. APPENDIX A-4: Equations for internal flow are used to determine the pressure loss caused 
by the umbilical Poly Tubing to the vest -  
There is a pressure loss of 543 pascals across a length of Poly Tubing. 
5. APPENDIX A-5: Equations for internal flow are used to determine the pressure loss caused 
by the Sensor Block. 
The same method is used as in Analysis 3, except that different fluid speeds are used 
for each diameter of pipe. 
  There is a pressure loss of 617 pascals across a single Sensor Block 
6. APPENDIX A-6: The pressure losses from each subsystem are summed. 
There is a total pressure loss of 12.92 pascals. 
a. Outputs 
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7. APPENDIX A-7: Performance data from the Pump is used to determine the required input 
current. 
A performance table provided by the manufacturer is used to find the 
efficiency of the pump in converting electrical power to fluid power at the desired 
flow rate.  This efficiency is used to calculate the electrical power required to achieve 
the desired pump flow and pressure.  Since the voltage supplied to the pump is 
constant, the required current can be found. 
  0.123 amps are required to run the pump. 
8. APPENDIX A-8: The required reservoir volume for one test is calculated. 
Given the flow rate and test duration, a reservoir of 4.33 Liters is required. 
9. APPENDIX A-9: The mass of the Vest system is calculated in its operational state 
Given the volume of the compression fitting, hose barb and the density of 
brass, the masses of the vest components are summed with the calculated mass of the 
copper tubing.  This is added to the calculated mass of water within the tubing. 
  The Vest assembly has a total mass of 4.174 Kilograms. 
10. APPENDIX A-10: The mass of the umbilical Poly Tubing is calculated in its operational 
state.   
Given the density of Polyurethane, water and the dimensions of the tubing, the 
mass of one umbilical tube is 0.238 Kilograms. 
11. APPENDIX A-11: The mass of reservoir is calculated in its operational state.   
The mass of the reservoir is 4.31 Kilograms. 
12. APPENDIX A-12: The total mass of the system is assessed.   
Given the component masses and quantities, the overall mass of the system is 
8.96 Kilograms. 
 
F: Scope of Testing and Evaluation 
1. Testing: The Device will be tested repeatedly under operating conditions over a period of 10 
minutes.  Sensors will be integrated into the control system to determine 
a. The change in water temperature caused by the device 
b. The volume flow rate of fluid through the device 
c. The difference in fluid pressure on either end of the device. 
d. The skin temperature of the user. 
 
These values are used to determine the effectiveness of the device in transferring heat 
away from the user. 
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2.  Evaluation: The Device is evaluated on a limited scoring criterion. In order of emphasis: 
a. Transferring the calculated amount of Heat (in watts) away from the user 
b. Consuming the calculated amount of Electrical Power 
c. Facilitating ordinary athletic function of the user 
d. Weighing less than 10kg 
e. Remaining in continuous operation for 10 minutes 
G: Analyses 
See APPENDIX A-1 through APPENDIX A-12 
H: Device: Parts, Shapes and Conformation 
 The use of copper tubing presents a few challenges.  First, it cannot be bend around a 
tight radius or else it will kink.  Second, it is not as flexible as poly tubing and will need to be 
bent to fit the user after it has be pre-formed. 
 A rope replica was used to “Feel out” the correct configuration on the users torso for a 
given length. 
 A vertical “Bellows” pattern was chosen to facilitate the expansion and contraction of the 
users chest during respiration, as copper tubing is not as flexible as the Polymers used in 
commercially-available vests. 
 
I: Device Assembly, Attachments 
 Minimal considerations will be made for the assembly of the device as it is constructed 
out of ordinary pipe fittings.  Fabricating the vest tubing will be the greatest challenge. 
 An existing Pump assembly will be used to provide fluid pressure, flow and flow 
readings.  It consists of: 
1. A Greylor PQ-12/24 gear pump 
2. A Cole-Parmer LPH flow meter 
3. Garden-hose adapters 
The pump will be powered by a DC power source, also owned by the CWU engineering 
department. 
 
 
J: Tolerances, Kinematics and Ergonomics. 
1. Geometrical tolerances 
of purchased and manufactured parts will not be a significant issue, however the Length 
of the Vest Tubing will be subject to revision after initial testing.  The final length may be 
as long as 28 meters or as short at 14 meters. 
 12 
2. Kinematics 
The Vest assembly is not designed to resist or internal forces or deformation 
3. Ergonomics 
The Vest geometry is designed to facilitate ordinary work activity by the user, and 
should not inhibit the expansion and contraction of the chest. 
K: Risk Analysis 
1.  Technical Risk 
It is likely that the Vest Tubing Length will need to be optimized after testing, which will 
incur additional costs.  This component is also at risk of being damaged during 
fabrication.  As such, and additional 50 dollars should be budgeted for replacement 
tubing. 
 
L: Post-Test Optimization scenario 
After initial testing, the temperature data collected is used to calculate the heat heat 
transferred, in Watts, by the vest tubing.  This value is used in conjunction with the known flow 
to recalculate the overall heat transfer coefficient.  This heat transfer Coefficient, along with 
temperature data, is used to calculate a new desired Length for the vest tubing.  The vest is either 
shortened or lengthened to this Length and re-tested. 
 
 
 
 
 
 
3: METHODS AND CONSTRUCTION 
A: Description 
Drawing 1 in the Appendix displays the fluid power diagram and correct configuration of 
the complete system. 
The majority of the project device is constructed from purchased components which will 
be assembled with minimal effort and considerations. 
 Two parts must be fabricated from ordered materials. 
 
1.  The Sensor Plug: See Drawing 5 
A PVC plug with ¼ MNPT threads modified with a small diameter hole 
through its central axis.  A K-type thermocouple is inserted into the hole to a 
depth of about half an inch and sealed with rubber cement.  This allows the 
temperature readings to be taken from the sensor block. 
2. Vest Tubing: See Drawing 2 
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¼ copper coil is cut into two equal lengths and bent into anplanar array as 
shown in Drawing 2. 
 
B: Vest Module 
 See Drawings 2& 3 
The vest is assembled from the following Components: 
Part Number Part Name Qty. Supplier 
8955K231 General Purpose Copper Tubing 1 McMaster-Carr 
50915K514 Brass Compression Tube Fitting 2 McMaster-Carr 
44555K125 Brass Barbed Tube Fitting for 
Vacuum 
2 McMaster-Carr 
 
Before Assembly occurs, the General Purpose Copper Tubing must be formed into its proper 
shape.  This is accomplished to progressively unspooling and forming lengths of copper tubing. 
 
PROCEDURE FOR FORMING COPPER TUBING: 
1.  Unspool 5 inches of tubing.  
2.  Mark base of unspooled length with paint or visible scratch. This is Mark A 
3. Straighten tubing using tools or by rolling 
4.  Unspool 33 inches of tubing. 
5. Mark tubing 29.2 inches from Mark A.  This is Mark B 
6. Mark tubing 3 inches from Mark B.  This is Mark C 
7. Straighten tubing. 
8. Between Mark B and Mark C, heat tubing with a torch. 
9. Between Mark B and Mark C, bend tubing around a 1.75-inchdowel or wood form, such 
that the tubing forms a 180-degree U-bend as seen in Detail A of Drawing 2 
10. Redesignate Mark C as Mark A 
11. Repeat Steps 4-10, taking care to keep bends and straight sections co-planar and parallel 
as seen in drawing 2. 
12. Repeat Step 11 until there are 11 Bends and 12 parallel sections of tubing. 
13. Unspool 5 inches of tubing 
14. Cut Tubing at base. 
15. Repeat Steps 1-13 to create second panel. 
 
It may be necessary to force salt or other media into the tubing to prevent it from kinking. 
 
After the tubing is formed, it may be assembled into the vest. 
 
VEST ASSEMBLY PROCEDURE 
1. Unpack Brass Compression Tube Fitting.  Unscrew compression fittings and set aside. 
2. Wrap ¼ WNPT threads with layer of Teflon tape. 
3. Unpack Barbed Tube Fitting for Vacuum.  Hand tighten onto ¼ MNPT fitting on Brass 
Compression Tube Fitting 
4. Insert end of General Purpose Copper Tubing into Nut and Ferrule (compression fitting) 
5. Insert General Purpose Copper Tubing into Brass Compression Tube Fitting 
6. Hand tighten nut and ferrule to Brass Compression Tube Fitting  
 14 
7. Repeat Steps 1-6 with non-assembled Compression Fitting and Tubing 
8. Repeat Steps 4-6, inserting free end of Copper Tubing into open ends of Compression 
Fitting. 
C: Sensor Block 
See Drawings 4 &5 
The Sensor Block is assembled from the following Components: 
5372K112 Nylon Extra-Grip Barbed Tube 
Fitting 
1 McMaster-Carr 
4596K71 Thick-Wall Dark Gray PVC 
Pipe Fitting 
2 McMaster-Carr 
50785K233 High-Pressure Brass Pipe Fitting 2 McMaster-Carr 
TA772 ¼” MNPT x MGHT Nylon 
Adapter 
2 United States Plastic 
Corp. 
0 K-Type Thermocouple 1 Fluke 
0 PV350 Pressure/Vacuum 
Module 
1 Fluke 
 
FABRICATING SENSOR PLUG 
1. Unpack Thick-Wall Dark Gray PVC Pipe Fitting. 
2. Place octagonal section in vice with flat facing UP  
3. Select 1/16 drill bit or similar.  Load into drill 
4. Locate hole down central axis of PVC Pipe Fitting, in center of top face. 
5. Drill through all. 
6. Remove from vice, insert K-type thermocouple into hole to depth of ½ inch 
7. Seal Hole with Rubber Cement. 
 
ASSEMBLY OF SENSOR BLOCK 
1. Unpack High-Pressure Brass Pipe Fitting 
2. Unpack Nylon Extra-Grip Barbed Tube Fitting 
3. Insert Barbed Tube Fitting into Brass Pipe Fitting, Hand tighten 
4. Unpack Nylon Adapter 
5. Insert Nylon Adapter into Brass Pipe Fitting, opposite of Barbed Tube Fitting, hand 
tighten. 
6. Insert Sensor Plug into Brass Pipe Fitting, Hand tighten. 
7. Insert Pressure Sensor into remaining opening on Brass Pipe Fitting.  Hand tighten. 
 
CONNECTION OF VEST AND SENSOR BLOCK SYSTEMS 
1. Unpack Poly Tubing 
2. Cut tubing 3 meters from end. 
3. Connect one end of Poly Tubing to Brass Hose Barb on Vest Assembly 
4. Connect the other end of Poly Tubing to Nylon Tube Barb on Sensor Block 
5. Repeat steps 2-4 with vacant tube barbs. 
6. Connect one sensor block to Pump Module via MGHT Nylon Adapter 
7. Connect remaining sensor block to drain via MGHT Nylon Adapter 
8.  
ASSEMBLY OF VEST ONTO USER. 
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1. The tubing assembly is draped over the users shoulders, with the tubing hanging 
down to the abdomen. 
2. The tubing is kludged onto the users torso with elastic cord and duct tape. 
 
D: Drawing Tree 
 
 
In the diagram above, complete assemblies are represented as ovals, with the corresponding 
assembly drawings represented as rectangles in an “assistant” position in the hierarchy.  
Subordinate to the assemblies and assembly drawings are part drawings, also represented as 
rectangles. 
 
# Description Location 
1 Overall Fluid Power Schematic showing proper configuration of 
parts along line. 
APPENDIX B-1 
2 Part drawing showing layout and geometry of copper tubing prior 
to assembly 
APPENDIX B-2 
3 Proper assemblydrawing of compression tee, tubing and hose 
barb 
APPENDIX B-3 
4 Assembly drawing of Sensor Block components and 
thermocouple 
APPENDIX B-4 
5 Part drawing showing modification to PVC plug to accommodate 
thermocouple 
APPENDIX B-5 
x Off-the-shelf component drawings (all) APPENDIX B-6 
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E: Parts selection 
See APPENDIX C for complete parts list 
 Considerations for the selection of parts included: 
1.  The need to mate the sensor block with the pump module. 
a. As the pump module is standardized on garden hose thread, an adapter was 
needed to mate the ¼” NPT fittings used in the sensor block to the 3/8” FGHT 
fittings used on most Fluids department equipment 
2. The need to reduce cost 
a. In every case, the cheapest available component was used, except where funds 
could be saved by buying a single component instead of several.  As such, the 
hose barbs on the sensor blocks are made of polymer rather than metal. 
3.  The need to avoid leaks within protective clothing. 
a. Only watertight fittings are used within the vest assembly, and a diligent 
comparison was made between the predicted operating conditions of the working 
fluid and the pressure limits of each component. 
b. From the personal experience in installing fridge water lines, compression fittings 
utilizing a nut and ferrule assembly are the least prone to leaks and as such all 
connections to the copper heat-transfer tubing are compression fittings of this 
type. 
4. The need to modify certain components to include a thermocouple 
a. The PVC Plug was selected to grant the simplest possible method to place a 
thermocouple within the fluid stream as well as the softest possible material to 
drill into. 
 
 
F: Manufacturing Issues 
 As Previously Detailed, there is a possibility that the Brass Tubing may kink.  
Exceptional care must be taken in the manufacture of this assembly, and multiple weeks have 
been set aside for this operation. 
 A common method of bending copper tubing involved packing the bore with an 
incompressible media such as table salt, and heating the tube with a torch before bending it 
around a wooden dowel.  As the vest tubing is quite long, it will not be possible to bend it using 
this technique.  Instead, experiments will be conducted with salvage tubing to determine a 
suitable bending method. 
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4:TEST METHOD 
INTRODUCTION 
The purpose of testing is to make a direct comparison between the final device’s real-
world performance and the values predicted through analysis.  These values are directly related 
to the original Design Requirements, abridged, The finished device must: 
1.  Weigh less than 10 kg 
2.  Transfer 450 watts of heat away from a  
3.  Remain in continuous operation for a period of 10 minutes. 
As requirements 1 and 3 can be verified with single measurements from a scale and stop 
watch; the primary concern of the testing phase will be requirement 2. 
 Additional measurements will be taken to measure the pressure drop across the 
system for the purposes of evaluation. 
 
A: METHOD 
Five tests will be conducted. 
1. Time of Operation – 1repitition 
The system is assembled, with the calculated amount water in the reservoir.  A timer is 
set.  The system is run at 123 milliamps until the reservoir is empty, and the ending time 
is recorded. 
2. Weight – 1 repetition 
The complete system, minus sensor blocks, is weighed. 
3. Electrical current - 1 repetition 
The current through the pump is increased until the flow reading matches the desired 
level of 7.21 ml/s.  The corresponding current is recorded. 
4. Heat Transfer – 3 repetitions 
Using Temperature, flow and pressure readings, the actual cooling effect of the system is 
assessed.  This test is repeated 3 times. This is detailed in section B below. 
5. Ergonomics 
The Device is scored on a scale of 0 to 10 by the user, in proportion to how the device 
inhibits their ordinary motion, 0 corresponding to no increase in effort, 10 being total 
incapacitation. 
 
B: TEST PROCEDURE FOR HEAT TRANSFER 
Two Preliminary steps are taken before the Heat Transfer test. 
1. Using the results from tests1 and 3, the system input current is configured so that the system 
pumps 7.21 ml/s continuously for 10 minutes. 
2. A preliminary exercise is taken to determine the amount of physical activity and insulation 
needed for the user to achieve a skin temperature which is as close as possible to 40 degrees 
centigrade for a period of ten minutes.  This will involve experimentation with different 
clothing and different forms of calisthenics that will be referred to as “exercise” in the 
following section.  The closest temperature achieved will be designated Twork. 
TEST APPARATUS SETUP. 
1. The Project Device is assembled as detailed in the drawings. 
2. The user is stripped to the waist, and a K-type thermocouple is taped to the users chest.  This 
is the Tskin Thermocouple 
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3. The vest is fastened to the user by wrapping the torso with elastic cord, taking care not to trap 
the plug-end of the Tskin thermocouple 
4. The user is enclosed in protective clothing, with the Poly Tubing and Tskin thermocouple 
exiting through the neck/hood opening. 
5. The Tskin thermocouple is plugged into a Fluke Thermometer 
6. The Sensor thermocouples are plugged into Fluke Thermometers.  These display Tin and 
Tout. 
7. The Pressure sensors are connected to Fluke Multimeters.  These display Pin and Pout 
8. The user performs exercise until a skin temperature, Twork is achieved. 
 
 
HEAT TRANSFER TEST PROCEDURE: 
1. The reservoir is filled with the requisite amount of water. 
2. The device pump is started and adjusted to flow 7.21 ml/s using the Flow Meter. 
3. The user performs exercise continuously for ten minutes 
4. Every 2 minutes, beginning with time=0, the displayed values of Tskin, Tin, Tout, Pin, Pout and 
Flow are recorded for a total of six readings 
 
C: TEST DELIVERABLES 
1. TIME TEST 
a. Time of wet operation at 123 milliamps. 
2. WEIGHT 
a. Mass of wet system 
3. ELECTRICAL CURRENT 
a. Current required to pump 7.21 ml/s 
4. HEAT TRANSFER TEST 
 Over 10 minutes of operation, 6 readings collected once every 2 minutes 
A. Skin temperature reading 
B. Input fluid temperature 
C. Output fluid temperature 
D. Input Pressure Reading 
E. Output Pressure Reading 
F. Volumetric flow 
Calculated values: Average Pressure Drop across System(kpa), Average Heat 
Transfer (watts) 
5. ERGONOMICS 
a. 1-10 score on physical inhibition. 
 
D: EVALUATION 
See APPENDIX H-1 
The Device is evaluated on a limited criterion. In order of emphasis: 
a. The calculated amount of Heat (in watts) removed from the user 
b. The amount of current required to run the pump at the correct rate 
c. The overall mass of the system 
d. The amount of time the system remains operating at the requisite reservoir volume. 
Success Criteria 
b. The device removes at least 200 watts from the user 
c. The device weighs less than 10 kg 
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d. The device does not inhibit the bodily motions of the user 
1. SCORING 
The point system used for optimization weighs the deviation of experimental values from 
calculated values. The point values of the first prototype and final version will be used to 
assess the degree of improvement between versions. 
See APPENDIX H-2 for scoring values and procedure. 
  
 
 
5: PROJECT MANAGEMENT 
A: PROPOSED BUDGET 
The majority of the Device components will be purchased from McMaster-Carr via 
internet store.  The tooling required to form and fabricate these components has not been 
included in the budget because it is already in the possession of the author or is freely available 
to the CWU engineering department.  The foremost example of this are the Fluke Meters used 
for testing, which are far outside the authors financial means.  It also unnecessary to appropriate 
a flow meter, pump and power supply, as these have been donated to the department from a 
previous project.   For this reason, the largest cost consideration is that of the components 
themselves. 
 
Purchased parts list:  
Part Number Part Name Qty. Price 
Each 
(USD) 
Price Total 
Item(USD) 
8955K231 General Purpose Copper Tubing 1 92.48 92.48 
50915K514 Brass Compression Tube Fitting 2 7.41 14.82 
44555K125 Brass Barbed Tube Fitting for Vacuum 2 6.6 13.2 
5648K71 Polyurethane Tubing for Water 20 0.93 18.6 
5372K112 Nylon Extra-Grip Barbed Tube Fitting 1 4.47 4.47 
4596K71 Thick-Wall Dark Gray PVC Pipe Fitting 2 2.21 4.42 
50785K233 High-Pressure Brass Pipe Fitting 2 9.57 19.14 
TA772 1/4" MNPT x MGHT Nylon Adapter 2 0.92 1.84 
BP8B50BLACK 1/4" Polyester Bungee Black 1 20.5 20.5 
4269T63 Polyethylene Plastic Pail 2 6.55 13.1 
   Total 
Price: 
183.87 
 
Shipping costs: 
  The device components will cost a maximum of 50 USD to ship. 
Provision for Risk: 
The largest capital risk involved in this project is the Copper Tubing.  This 
component may deform or kink during fabrication.  It was determined that such an event 
would not require the replacement of the whole coil, however the author budgets an 
additional 50 USD for new tubing in such an event. 
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Total: 
 284 USD 
will be required to complete this project 
 
 
 
  
B: PROPOSED SCHEDULE 
See APPENDIX D2 for detailed Schedule. 
 
SUMMARY:  The project device will require 101 hours to complete, beginning on January 4th of 
2017 and ending its generation phase on March 11th 2017 
The documentation of the project will continue until June 1st of 2017  
 
High level Gantt Chart for Winter Quarter 2017 (Generative Phase) 
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Legend:   
PO: Parts Ordered 
PA: Parts Arrived 
CC: Construction Complete 
RC: Revision Complete 
TC: Testing Complete 
CR: Critical Design Review 
MR: Manufacturing Design Review 
TR: Testing Design Review 
FR: Final Report (Winter – Spring quarter) 
 
 
EXPLANATION OF INDIVIDUAL TASKS AS LISTED IN APPENDIX D-2. 
 
1. Ordering – 11 hours 
a. Finance – 10 hours 
This encompasses work of any nature geared at acquiring the primary 
budget of 284 USD. 
b. Order Components - 1 hour 
The components are ordered from online suppliers 
 21 
2. Fabrication – 21 hours 
a. Form Tubing – 12 hours 
The Copper Tubing is formed into an array for the vest, a task which will 
require great care over several weeks. 
b. Fabricate TC plug – 1 hour 
i. The PVC plugs are drilled with holes to accommodate Thermocouples. 
c. Re-Fabrication – 8 hours 
i. The Copper Tubing is adjusted to optimize the Vest assembly. 
3. Assembly – 15 hours 
a. Assemble Sensor Block - 1 hour 
i. The sensor block components are assembled and checked  
b. Assemble Vest - 2 hours 
i. The vest components are assembled and checked 
c. Assemble test apparatus - 12 hours 
i. The testing apparatus is assembled and experimentation is conducted to 
determine best test conditions. 
 
4. Testing – 24 hours 
a. Testing – 12 hours 
i. The device is tested as detailed in chapter 4:TEST METHOD 
b. Calculation – 4 Hours 
i. The experimental results are converted into forms relevant to the 
Evaluation criteria. 
c. Re-testing – 8 hours 
i. The Rebuilt system is rested to determine its performance. 
5. Analysis – 22 hours 
a. Heat Transfer – 12 hours 
b. Pump Power – 2 hours 
c. Optimization Calculations - 8 hours 
6. Re-Fabrication – 8 Hours 
This category includes Re-forming Copper Tubing, Re-assembly of components 
and adjustments to sensor and vest configurations. 
 
C: PROJECT MANAGEMENT 
Faculty Resources: 
 
Roger Beardsley, Mechanical Engineering Technology   
HT 203L, Ext. 1596 
beardslr@cwu.edu 
 
Charles Pringle, Mechanical Engineering Technology  
HT 203K, Ext. 2437 
pringlec@cwu.edu 
 
Craig Johnson, Mechanical Engineering Technology Program Coordinator, Cast Metals 
Program Key Professor 
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HT 203J, Ext. 1118 
cjohnson@cwu.edu 
 
Ted Bramble, Mechanical Engineering Technology, HT 300F 
bramble@cwu.edu 
 
6: DISCUSSION 
A: Design Evolution / Performance Creep 
 The original intention for this project was to create a closed-cycle heat exchange system 
which used a thermo-electric cooling to radiate excess heat to the atmosphere.  It would also 
include a battery and pump to circulate the working fluid and power the TEC.  This would 
require substantial research into the function and efficiencies of TEC devices, heat sinks and 
commercial heat exchangers commonly applied to TEC devices.  However, as the project 
progressed, it became clear that the scope of this effort was too large, and had to be reduced. 
Consistent information about commercial TEC assemblies was difficult to find, and there were a 
number of unknowns that could not be addressed without outside expertise and experimentation 
that were outside of the authors means.  With limited time remaining, the author elected instead 
to design the vest portion of this system, including the sensors needed to verify its effectiveness.   
Thus, the original aim of creating a stand-alone close-cycle cooling vest system was 
reduced to an open-cycle immersion cooler similar to those used by fire departments to treat heat 
shock in fire victims.  Ideally, the completed device can be attached to a hose spigot or pump and 
the circulating groundwater will replicate the cooling effect of a TEC system with minimal 
complexity, but considerably more waste (in terms of water resources). 
 
B: Project Risk analysis 
 As previously mentioned, the largest risk associated with this system is the possibility for 
improper fabrication of the Vest Tubing.  The proper fabrication of this component will need to 
be extended for several weeks to avoid incident.  Some experimentation may be attempted with 
scrap material, to explore methods of bending the tubing without kinking it or changing its 
internal diameter.  It is estimated that such defects may cause a loss as great as 50 USD.  This 
has been accounted for in the primary budget. 
 
7: CONCLUSION 
The Heat Transfer Vest is an open circuit heat exchanger which allows the user to remain 
cool which encased in protective clothing.  It absorbs the body heat trapped inside the users 
garments and rejects it to a drain or reservoir. 
The first analysis performed, which pertains to the required length of copper tubing, is 
also the most important.  The calculations performed to size the Vest heat exchanger have large 
effect on the other analyses and its outputs are likely to vary considerably during secondary 
Analysis and Re-fabrication.  Considerable time has been budgeted for the proper re-sizing and 
evaluation of the vest heat-transfer element.  The following Analyses Optimize the vest for user 
comfort and determine the inputs necessary to maintain the heat transfer effect. 
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After testing and re-fabrication, the Heat Transfer Vest will meet the design 
requirements.  It will allow a user to overcome the insulating effects of protective clothing and 
facilitate regular work-related exertion in a hot climate typical of Central Washington in June. 
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APPENDIX A – Analyses 
1: Tubing Length 
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 28 
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2: Flow Rate 
 
 30 
3: Pressure Loss 
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4: Pressure Loss Across Tubing 
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5: Pressure Loss Across Sensor Block 
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6: Pressure Drop Across All Components 
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7: Power Required to Run Pump 
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8: Reservoir Size Required 
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9: Mass of Vest Components 
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10: Mass of Poly Tubing 
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11: Mass of Reservoir Water 
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12: Total Mass 
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APPENDIX B – drawings/schematics 
 
Drawing Tree: 
 
 
 
 
 
 
 
 
 
 
 
 47 
1: Fluid Power Diagram 
 
 
 
2:Tubing Layout 
Rev 0 
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Rev 1 
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Rev 2
 
 
3: Compression Tee Assembly 
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4: Sensor Block Assembly 
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5: Modification to PVC plug 
 
 
 53 
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6: Part Drawings provided by Suppliers 
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Illustrations 
 
 
Mockup 
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On-Body Layout 
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APPENDIX C – PARTS LIST 
Overall 
 
 
 
Part Number Part Name Qty. Supplier 
8955K231 General Purpose Copper Tubing 1 McMaster-Carr 
50915K514 Brass Compression Tube Fitting 2 McMaster-Carr 
44555K125 Brass Barbed Tube Fitting for 
Vacuum 
2 McMaster-Carr 
5648K71 Polyurethane Tubing for Water 20 McMaster-Carr 
5372K112 Nylon Extra-Grip Barbed Tube 
Fitting 
1 McMaster-Carr 
4596K71 Thick-Wall Dark Gray PVC 
Pipe Fitting 
2 McMaster-Carr 
50785K233 High-Pressure Brass Pipe Fitting 2 McMaster-Carr 
TA772 1/4" MNPT x MGHT Nylon 
Adapter 
2 United States Plastic 
Corp. 
BP8B50BLACK 1/4" Polyester Bungee Black 1 Quality Nylon Rope 
4269T63 Polyethylene Plastic Pail 2 McMaster-Carr 
001-120000 PQ-12/24 1 Greylor 
EW-32445-68 Flowmeter for water, 15 to 100 
LPH 
1 Cole-Parmer 
0 52II Thermometer 3 Fluke 
0 79III True RMS Multimeter 2 Fluke 
0 K-Type Thermocouple 3 Fluke 
0 PV350 Pressure/Vacuum 
Module 
2 Fluke 
    
 
 
Online Location 
 
Part Number URL 
8955K231 https://www.mcmaster.com/#8955k231/=15ar2aa 
50915K514 https://www.mcmaster.com/#50915k514/=15aql6o 
44555K125 https://www.mcmaster.com/#44555k125/=15aqrec 
5648K71 https://www.mcmaster.com/#5648k71/=15aqrpe 
5372K112 https://www.mcmaster.com/#5372K112 
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4596K71 https://www.mcmaster.com/#4596k71/=15aqp25 
50785K233 https://www.mcmaster.com/#50785k233/=15aq7s9 
TA772 http://www.usplastic.com/catalog/item.aspx?sku=63013&gclid=CIL_kKLc1tAC
FYdlfgod9rUGBQ 
BP8B50BLA
CK 
http://qualitynylonrope.com/1-4-black-polyester-bungee-rope-
cord/?utm_medium=googleshopping&utm_source=bc&gclid=CPGbzNre4NACF
UWRfgodEwYKYQ 
4269T63 https://www.mcmaster.com/#4269t63/=15cu7k8 
001-120000 http://www.greylor.com/pumps/detail/pq12-24 
EW-32445-
68 
https://www.coleparmer.com/i/mn/3244568 
0 http://en-us.fluke.com/products/thermometers/fluke-52-ii-thermometer.html 
0 http://assets.fluke.com/manuals/7926____iseng0200.pdf 
0 0 
0 http://en-us.fluke.com/products/all-accessories/fluke-pv350-pressure-vacuum-
module.html 
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APPENDIX D –BUDGET 
 
1: Part List w. Prices (PLANNED) 
 
 
Part Number Part Name Qty. Price 
Each 
(USD) 
Price 
Total 
Item(USD) 
8955K231 General Purpose Copper Tubing 1 92.48 92.48 
50915K514 Brass Compression Tube Fitting 2 7.41 14.82 
44555K125 Brass Barbed Tube Fitting for Vacuum 2 6.6 13.2 
5648K71 Polyurethane Tubing for Water 20 0.93 18.6 
5372K112 Nylon Extra-Grip Barbed Tube Fitting 1 4.47 4.47 
4596K71 Thick-Wall Dark Gray PVC Pipe Fitting 2 2.21 4.42 
50785K233 High-Pressure Brass Pipe Fitting 2 9.57 19.14 
TA772 1/4" MNPT x MGHT Nylon Adapter 2 0.92 1.84 
BP8B50BLACK 1/4" Polyester Bungee Black 1 20.5 20.5 
4269T63 Polyethylene Plastic Pail 2 6.55 13.1 
001-120000 PQ-12/24 1 N/A  
EW-32445-68 Flowmeter for water, 15 to 100 LPH 1 N/A  
0 52II Thermometer 3 N/A  
0 79III True RMS Multimeter 2 N/A  
0 K-Type Thermocouple 3 N/A  
0 PV350 Pressure/Vacuum Module 2 N/A  
 DC Power Source 1 N/A  
   Total 
Price: 
183.87 
 
 
 
2:  Expenditures (EXECUTED) 
 
Vender Parts Total (USD) Parts W. shipping (USD) 
McMaster Carr 180.36 200.37 
US Plastics 1.84 13.86 
Quality Nylon Rope  25.50 
Total  239.73 
 
 
 
 
NON-BUDGET ITEMS: 
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Part Number Part Name Qty. 
Price 
Each 
(USD) 
Price Total 
Item(USD) 
1111085552 KRO SALT 1 0.59 0.59 
646805 1/2x260" PTFE Seal Tape 1 1.29 1.29 
122838 4PC Extern Tube Bender 1 10.99 10.99 
800654 14.1OZ POL Gas Cylinder 1 3.99 3.99 
670752 5/8x15 Hose Remnant 1 8.99 8.99 
Q007275 3/4" Brass Swivel Adapter 1 3.79 3.79 
243600 MP1/4x3/8x100PVC Tubing 
 
0.39 7.8 
     XXX Additional Hardware (Reciept Lost) 
 
XX XX 
   
Total: 37.44 
  
Total Expenditures:    277.17 USD 
 
 
 
APPENDIX C – SCHEDULE 
1: Winter Qtr. High Level Tasks Planned  
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Legend:   
PO: Parts Ordered 
PA: Parts Arrived 
CC: Construction Complete 
RC: Revision Complete 
TC: Testing Complete 
CR: Critical Design Review 
MR: Manufacturing Design Review 
TR: Testing Design Review 
FR: Final Report (Winter – Spring quarter) 
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2: Winter Qtr. Subtasks Planned 
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3: Winter Qtr. Subtasks Executed 
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4: Individual Tasks 
1. Ordering – 11 hours 
a. Finance – 10 hours 
This encompasses work of any nature geared at acquiring the primary 
budget of 284 USD. 
b. Order Components - 1 hour 
The components are ordered from online suppliers 
2. Fabrication – 21 hours 
a. Form Tubing – 12 hours 
The Copper Tubing is formed into an array for the vest, a task which will 
require great care over several weeks. 
b. Fabricate TC plug – 1 hour 
i. The PVC plugs are drilled with holes to accommodate Thermocouples. 
c. Re-Fabrication – 8 hours 
i. The Copper Tubing is adjusted to optimize the Vest assembly. 
3. Assembly – 15 hours 
a. Assemble Sensor Block - 1 hour 
i. The sensor block components are assembled and checked  
b. Assemble Vest - 2 hours 
i. The vest components are assembled and checked 
c. Assemble test apparatus - 12 hours 
i. The testing apparatus is assembled and experimentation is conducted to 
determine best test conditions. 
 
4. Testing – 24 hours 
a. Testing – 12 hours 
i. The device is tested as detailed in chapter 4:TEST METHOD 
b. Calculation – 4 Hours 
i. The experimental results are converted into forms relevant to the 
Evaluation criteria. 
c. Re-testing – 8 hours 
i. The Rebuilt system is rested to determine its performance. 
5. Analysis – 22 hours 
a. Heat Transfer – 12 hours 
b. Pump Power – 2 hours 
c. Optimization Calculations - 8 hours 
6. Re-Fabrication – 8 Hours 
This category includes Re-forming Copper Tubing, Re-assembly of components 
and adjustments to sensor and vest configurations. 
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APPENDIX F – EXPERTISE AND 
RESOURCES 
Print/Web Resources 
 
Industrial Hydraulics Manual. Maumee, OH: Eaton, 2007. Print. 
 
CÌ§engel, Yunus A., John M. Cimbala, and Robert H. Turner. Fundamentals of Thermal-
fluidsciences. 4th ed. New York: McGraw-Hill Higher Education, 2012. Print. 
 
"Engineering ToolBox." Engineering ToolBox. N.p., n.d. Web. 1 Nov. 2016. 
 
"Convective Heat Transfer Coefficients Table Chart." Engineers Edge - Reference Data for 
Engineers. N.p., 11 Feb. 2015. Web. 1 Nov. 2016. 
 
"Density of Plastics." Density | Plastic Properties Tables | Plastics Technical Properties | 
Dotmar. N.p., n.d. Web. 01 Nov. 2016. 
 
 
Torii, M et al. “Fall in Skin Temperature of Exercising Man.” British Journal of Sports 
Medicine 26.1 (1992): 29–32. Print. 
 
ASHRAE Pocket Guide for Air Conditioning, Heating, Ventilation Refrigeration: (inch-pound 
Edition). Atlanta, GA: American Society of Heating, Refrigerating and Air-Condition Engineers, 
2001. Online.  http://bim.wikispaces.com/file/view/ASHRAE+Mechanical+Pocket+Guide.pdf 
 
 
 
 
Faculty Resources: 
Roger Beardsley, Mechanical Engineering Technology   
HT 203L, Ext. 1596 
beardslr@cwu.edu 
 
Charles Pringle, Mechanical Engineering Technology  
HT 203K, Ext. 2437 
pringlec@cwu.edu 
 
Craig Johnson, Mechanical Engineering Technology Program Coordinator, Cast Metals Program 
Key Professor 
HT 203J, Ext. 1118 
cjohnson@cwu.edu 
 
Ted Bramble, Mechanical Engineering Technology, HT 300F 
bramble@cwu.edu 
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APPENDIX G – TESTING DATA 
Summary: 
 
 
LCG system Copper 1 Copper 2 Benchmark 
Average Qdot (Watts) 87.52  
 
86.17 
 
122.74 
 
Survey Results 
 
Vest Coolness Ergonomics Breathing/Performance Comfort 
Copper 1 5 2 4 4 
 
5 3 4 4 
 
4 4 4 5 
 
4 2 4 3 
Copper 2 5 4 4 4 
 
4 2 2 1 
 
5 4 4 3 
Benchmark 3 5 5 5 
 
3 4 3 2 
 
4 5 5 5 
Average C1 0.875 0.4375 0.75 0.75 
Average C2 0.9166666667 0.5833333333 0.5833333333 0.4166666667 
Average Bench 0.5833333333 0.9166666667 0.8333333333 0.75 
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Raw Data 
  
 T
skin 
T
in 
T
out 
P
in 
P
out 
F
low
 
V
in 
Iin 
dT
 C
 
F
low
 m
L/s 
M
F
low
 K
g/s 
Q
dot (w
atts) 
D
p (N
/M
2) 
M
 P
ow
er (W
att) 
E
 P
ow
er (W
att) 
A
verage Q
dot 
Copper 
1         -0.3 -0.1       0 0 0 0.00 200 0.00 0.00 87.52 
Bryant 0 26 20.5 22.2 
-
27.2 -1.9 35     1.7 
9.72
3 0.0097 69.01 25300 0.25 0.00 72.78 
  1 26 20.5 22.5 
-
25.6 -0.2 33     2 
9.16
7 0.0092 76.55 25400 0.23 0.00 
 
  0 26 19.6 21.7 18.7 0.1 26 2.9 0.66 2.1 
7.22
3 0.0072 63.32 18600 0.13 1.91 
 
Gering 1 22 19.6 21.6 18.9 -0.11 27 2.9 0.66 2 
7.50
1 0.0075 62.63 19010 0.14 1.91 74.89 
  2 27 19.5 21.8 19.6 -0.11 28 2.9 0.66 2.3 
7.77
8 0.0078 74.69 19710 0.15 1.91   
  3 33 19.5 21.9 18.9 0.11 26 2.9 0.66 2.4 
7.22
3 0.0072 72.37 18790 0.14 1.91   
  4 29 19.5 21.9 17.9 0.05 27 2.9 0.66 2.4 
7.50
1 0.0075 75.15 17850 0.13 1.91   
  5 24 19.5 21.8 17.9 0.05 27 2.9 0.66 2.3 
7.50
1 0.0075 72.02 17850 0.13 1.91   
  6 25 19.4 21.9 18 0.07 26 2.9 0.66 2.5 
7.22
3 0.0072 75.39 17930 0.13 1.91   
  7 25 19.5 22 18 
0.00
5 26 2.9 0.66 2.5 
7.22
3 0.0072 75.39 17995 0.13 1.91   
  8 25 19.5 22 18.1 0.07 27 2.9 0.66 2.5 
7.50
1 0.0075 78.29 18030 0.14 1.91   
  9 27 19.5 22.1 17.5 0.03 26 2.9 0.66 2.6 
7.22
3 0.0072 78.40 17470 0.13 1.91   
  
1
0 26 19.5 22.2 17.4 0.01 27 2.9 0.66 2.7 
7.50
1 0.0075 84.55 17390 0.13 1.91   
  0 26 19.3 21.9 20.2 -2 26 2.7 0.64 2.6 
7.22
3 0.0072 78.40 22200 0.16 1.73 
 
Brett 1 27 19.3 21.6 20.5 -2.9 26 2.7 0.64 2.3 
7.22
3 0.0072 69.36 23400 0.17 1.73 88.46 
  2 27 19.3 21.7 20.4 -2.3 26 2.7 0.64 2.4 
7.22
3 0.0072 72.37 22700 0.16 1.73   
  3 27 19.3 21.8 19.9 -2.4 27 2.7 0.64 2.5 
7.50
1 0.0075 78.29 22300 0.17 1.73   
  4 26 19.3 21.8 19.3 -2.1 26 2.7 0.64 2.5 
7.22
3 0.0072 75.39 21400 0.15 1.73 
 
  5 26 19.2 21.8 20.3 -2.2 26 2.7 0.64 2.6 
7.22
3 0.0072 78.40 22500 0.16 1.73 
 
  6 30 19.3 21.9 20.7 -2.1 26 2.7 0.64 2.6 
7.22
3 0.0072 78.40 22800 0.16 1.73 
 
  7 26 19.2 22 19.8 0.5 27 2.7 0.64 2.8 
7.50
1 0.0075 87.68 19300 0.14 1.73 
 
  8 26 19.1 22.2 19.6 0.5 28 2.7 0.64 3.1 
7.77
8 0.0078 100.67 19100 0.15 1.73 
 
  9 26 18.2 22 19 -2.2 28 2.7 0.64 3.8 
7.77
8 0.0078 123.40 21200 0.16 1.73 
 
  
1
0 26 17.8 21.8 20.1 -1.4 26 2.7 0.64 4 
7.22
3 0.0072 120.62 21500 0.16 1.73 
 
  0 33 19.5 22.8 
-
20.8 -3.5 26 3.1 0.74 3.3 
7.22
3 0.0072 99.51 17300 0.12 2.29 
 Alazon
e 1 31 19.5 22.8 
-
20.7 3.1 26 3.1 0.74 3.3 
7.08
4 0.0071 97.60 23800 0.17 2.29 99.21 
  2 29 19.5 22.8 
-
20.3 3.2 26 3.1 0.74 3.3 
7.22
3 0.0072 99.51 23500 0.17 2.29 
 
  3 26 19.9 22.7 
-
20.4 -3.1 26 3.1 0.74 2.8 
7.08
4 0.0071 82.81 17300 0.12 2.29 
 
  4 26 19.5 22.7 
-
20.2 -3 26 3.1 0.74 3.2 
7.08
4 0.0071 94.64 17200 0.12 2.29 
 
  5 26 19.5 22.8 - 3.4 25 3.1 0.74 3.3 6.94 0.0069 95.68 23300 0.16 2.29 
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19.9 5 
  6 26 19.5 22.9 
-
19.9 -3.3 25 3.1 0.74 3.4 
6.94
5 0.0069 98.58 16600 0.12 2.29 
 
  7 27 19.5 22.9 
-
19.6 3.2 25 3.1 0.74 3.4 
6.94
5 0.0069 98.58 22800 0.16 2.29 
 
  8 25 19.5 23 
-
19.7 -2 25 3.1 0.74 3.5 
6.94
5 0.0069 101.48 17700 0.12 2.29 
 
  9 27 19.5 23.3 
-
19.6 -3 25 3.1 0.74 3.8 
6.94
5 0.0069 110.18 16600 0.12 2.29 
 
  
1
0 26 19.5 23.4 
-
19.5 3.1 25 3.1 0.74 3.9 
6.94
5 0.0069 113.08 22600 0.16 2.29 
 Copper 
2 0 29 19.9 25.6 0.6 1.3 26 2.8 0.74 5.7 
7.22
3 0.0072 172.16 700 0.01 2.07 86.17 
Brett 1 28 19.9 22.7 22.8 1.5 27 2.8 0.74 2.8 
7.50
1 0.0075 87.82 21300 0.16 2.07 78.12 
  2 27 19.8 22.4 22.3 0.5 27 2.8 0.74 2.6 
7.50
1 0.0075 81.55 21800 0.16 2.07 
 
  3 27 19.8 22.2 22 1.5 27 2.8 0.74 2.4 
7.50
1 0.0075 75.27 20500 0.15 2.07 
 
  4 27 19.8 22.3 22.5 2 26 2.8 0.74 2.5 
7.22
3 0.0072 75.51 20500 0.15 2.07 
 
  5 27 19.8 22.2 21.3 0.5 26 2.8 0.74 2.4 
7.22
3 0.0072 72.49 20800 0.15 2.07 
 
  6 27 19.8 22.1 21.4 0.2 28 2.8 0.74 2.3 
7.77
8 0.0078 74.81 21200 0.16 2.07 
 
  7 27 19.8 22.3 21.2 0.5 26 2.8 0.74 2.5 
7.22
3 0.0072 75.51 20700 0.15 2.07 
 
  8 27 19.8 22.4 20.7 0.2 26 2.8 0.74 2.6 
7.22
3 0.0072 78.53 20500 0.15 2.07 
 
  9 27 19.8 22.5 20.3 0.5 25 2.8 0.74 2.7 
6.94
5 0.0069 78.41 19800 0.14 2.07 
 
  
1
0 27 19.8 22.6 20.4 1 25 2.8 0.74 2.8 
6.94
5 0.0069 81.32 19400 0.13 2.07 
 
  0 26 20.3 22.9 0.1 1.7 26 2.9 0.75 2.6 
7.22
3 0.0072 78.40 1600 0.01 2.18 
 
Blake 1 26 20.1 25 19.5 1.8 27 2.9 0.75 4.9 
7.50
1 0.0075 153.44 17700 0.13 2.18 79.06 
  2 25 20 22.8 19.4 2 27 2.9 0.75 2.8 
7.50
1 0.0075 87.68 17400 0.13 2.18 
 
  3 26 20 22.3 19.9 2 26 2.9 0.75 2.3 
7.22
3 0.0072 69.36 17900 0.13 2.18 
 
  4 25 20 22.3 19.8 1.8 27 2.9 0.75 2.3 
7.50
1 0.0075 72.02 18000 0.14 2.18 
 
  5 26 20 22.3 20.1 2 26 2.9 0.75 2.3 
7.22
3 0.0072 69.36 18100 0.13 2.18 
 
  6 26 20 22.3 20 2 26 2.9 0.75 2.3 
7.22
3 0.0072 69.36 18000 0.13 2.18 
 
  7 26 20 22.3 19.7 2.3 26 2.9 0.75 2.3 
7.22
3 0.0072 69.36 17400 0.13 2.18 
 
  8 26 20 22.3 19.3 2.3 25 2.9 0.75 2.3 
6.94
5 0.0069 66.69 17000 0.12 2.18 
 
  9 26 20 22.3 18 2 25 2.8 0.75 2.3 
6.94
5 0.0069 66.69 16000 0.11 2.10 
 
  
1
0 25 20 22.3 19.5 2.3 25 2.8 0.75 2.3 
6.94
5 0.0069 66.69 17200 0.12 2.10 
 
  0 34 19.5 23.7 0.1 1.6 0     4.2 0 0.0000 0.00 1500 0.00 0.00 
 
Nick 1 34 19.5 22.8 22.3 0.9 32 3 0.79 3.3 8.89 0.0089 122.47 21400 0.19 2.37 101.34 
  2 34 19.5 22.6 23.1 0.8 28 3 0.79 3.1 
7.77
8 0.0078 100.67 22300 0.17 2.37 
 
  3 34 19.5 22.5 23 0.9 27 3 0.79 3 
7.50
1 0.0075 93.94 22100 0.17 2.37 
 
  4 34 19.5 22.6 23.4 0.8 28 3 0.79 3.1 
7.77
8 0.0078 100.67 22600 0.18 2.37 
 
  5 34 19.5 22.6 23.1 0.9 28 3 0.79 3.1 
7.77
8 0.0078 100.67 22200 0.17 2.37 
 
  6 35 19.5 22.6 21.8 0.8 26 3 0.79 3.1 
7.22
3 0.0072 93.48 21000 0.15 2.37 
 
  7 35 19.5 22.6 22.6 1 26 3 0.79 3.1 
7.22
3 0.0072 93.48 21600 0.16 2.37 
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  8 35 19.5 22.8 22.4 1.2 27 3 0.79 3.3 
7.50
1 0.0075 103.34 21200 0.16 2.37 
 
  9 35 19.5 22.8 23 0.9 27 3 0.79 3.3 
7.50
1 0.0075 103.34 22100 0.17 2.37 
 
  
1
0 35 19.8 22.6 20.2 1.8 26 3 0.79 2.8 
7.22
3 0.0072 84.43 18400 0.13 2.37 
 
Bench 0 33 19.8 25.3 0.1 0.4 0 
  
5.5 0 0.0000 0.00 300 0.00 0.00 122.74 
Brett 1 32 19.8 25.3 31.7 23 28 3.2 0.84 5.5 
7.77
8 0.0078 178.61 8700 0.07 2.69 168.30 
  2 32 19.8 25.3 32 20 28 3.2 0.84 5.5 
7.77
8 0.0078 178.61 12000 0.09 2.69 
 
  3 32 19.8 25.3 32 20 29 3.2 0.84 5.5 
8.05
6 0.0080 184.99 12000 0.10 2.69 
 
  4 32 19.8 25.3 28.6 20 27 3.2 0.84 5.5 
7.50
1 0.0075 172.23 8600 0.06 2.69 
 
  5 32 19.8 25.3 28.5 20 26 3.1 0.81 5.5 
7.22
3 0.0072 165.85 8500 0.06 2.51 
 
  6 32 19.8 25.3 28.8 20 26 3.1 0.81 5.5 
7.22
3 0.0072 165.85 8800 0.06 2.51 
 
  7 32 19.8 25.3 29.1 20 26 3.1 0.81 5.5 
7.22
3 0.0072 165.85 9100 0.07 2.51 
 
  8 28 19.8 25.3 28.3 20 27 3.1 0.81 5.5 
7.50
1 0.0075 172.23 8300 0.06 2.51 
 
  9 33 19.8 25.3 27.5 20 25 3.1 0.81 5.5 
6.94
5 0.0069 159.47 7500 0.05 2.51 
 
  
1
0 34 19.8 25.3 28.7 20 26 3.1 0.81 5.5 
7.22
3 0.0072 165.85 8700 0.06 2.51 
 
  0 32 18.9 23.6 0.4 1 26 3.1 0.81 4.7 
7.22
3 0.0072 141.73 600 0.00 2.51 
 
Blake 1 32 20.1 27.9 30.7 23.9 27     7.8 
7.50
1 0.0075 244.25 6800 0.05 0.00 109.34 
  2 33 20.1 24.1 26 20 26 3.1 0.82 4 
7.22
3 0.0072 120.62 6000 0.04 2.54 
 
  3 31 20.1 23.2 28.7 20 26 3.1 0.82 3.1 
7.22
3 0.0072 93.48 8700 0.06 2.54 
 
  4 32 20 23 29.4 19 27 3.1 0.82 3 
7.50
1 0.0075 93.94 10400 0.08 2.54 
 
  5 31 20.1 23 30.9 20 28 3.1 0.82 2.9 
7.77
8 0.0078 94.17 10900 0.08 2.54 
 
  6 31 20 22.9 28.5 19 26 3.1 0.82 2.9 
7.22
3 0.0072 87.45 9500 0.07 2.54 
 
  7 30 20.1 23 28 20 27 3.1 0.82 2.9 
7.50
1 0.0075 90.81 8000 0.06 2.54 
 
  8 32 20.1 23.1 27.9 20 26 3.1 0.82 3 
7.22
3 0.0072 90.46 7900 0.06 2.54 
 
  9 31 20.1 23 28 20 26 3.1 0.82 2.9 
7.22
3 0.0072 87.45 8000 0.06 2.54 
 
  
1
0 31 20.1 23 30.6 20 27 3.1 0.82 2.9 
7.50
1 0.0075 90.81 10600 0.08 2.54 
 
  0 26 19.7 22.7 0.7 0.5 0 
  
3 0 0.0000 0.00 200 0.00 0.00 
 
Nick 1 26 19.6 23.2 31.5 20.7 28 3.5 0.87 3.6 
7.77
8 0.0078 116.91 10800 0.08 3.05 90.59 
  2 26 19.5 22.7 31.3 20.9 27 3.5 0.87 3.2 
7.50
1 0.0075 100.21 10400 0.08 3.05 
 
  3 26 19.5 22.6 32.4 22 28 3.5 0.87 3.1 
7.77
8 0.0078 100.67 10400 0.08 3.05 
 
  4 26 19.6 22.6 30.7 20.8 28 3.5 0.87 3 
7.77
8 0.0078 97.42 9900 0.08 3.05 
 
  5 26 19.6 22.8 32.4 22 28 3.5 0.87 3.2 
7.77
8 0.0078 103.92 10400 0.08 3.05 
 
  6 26 19.6 22.8 31.2 22 28 3.5 0.87 3.2 
7.77
8 0.0078 103.92 9200 0.07 3.05 
 
  7 26 19.5 22.8 32.6 22.3 27 3.5 0.87 3.3 
7.50
1 0.0075 103.34 10300 0.08 3.05 
 
  8 21 19.5 22.7 32 22.3 28 3.5 0.87 3.2 
7.77
8 0.0078 103.92 9700 0.08 3.05 
 
  9 26 22 22.8 33.7 21.8 24 3.5 0.87 0.8 
6.66
7 0.0067 22.27 11900 0.08 3.05 
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APPENDIX H – EVALUATION SHEET 
 
1: PREDICTIONS v. RESULTS 
 
 Predicted Copper 1 Copper 2 Bench 
Cooling Effect 450 Watts 87.52 Watts 86.17 Watts 122.74 Watts 
Current Input 123 mA 680 750 837 
Ergonomic score 0 5.62 4.17 0.83 
Weight 8.96 kg 8.71 kg 8.71 kg Negligible 
Operating time 10 minutes 10 minutes 10 minutes 10  Minutes 
 
2: SCORING 
POINT VALUES 
1. Deviation from calculated cooling effect:_363.83 _2 points/ Watt 
2. Deviation from calculated current input:_627 _1 point/ Milliamp 
3. Inhibiting physical work by user:_ 4.17_ Inhibition score x 10 
4. Deviation from calculated weight:_0.25 _2 points/ Kilogram 
5. Deviation from intended operating time: _0_10 points/ minute 
Total score is sum of 1-5 
Optimum score: 0 pts 
 
 Predicted Actual Point Value 
Cooling Effect 450 Watts 86.17 727.66 
Current Input 123 mA 750 627 
Ergonomic score 0 4.17 41.7 
Weight 8.96 kg 8.71 0.5 
Operating time 10 minutes 10 0 
Total --- --- 1397 
 
 
 
APPENDIX I – TESTING REPORT 
Although it was popularly perceived as being warmer than the others, the MED-ENG 
vest used to benchmark this study proved to be the most effective mover of heat by a wide 
margin, at 123 watts, with one tester reaching 168 watts. (Appendix G)  This may be due, in part, 
to a greater density of tubing.  In any case, the test proves that the cooling effect of the 
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benchmark device cannot be replicated with 14 meters of copper coil.  As such, the original 
success criteria of the proposal has not been met. 
Interestingly, the copper vests were perceived as being colder and more effective than the 
benchmark, by a significant margin.  It is likely that the direct skin contact with the tubing, and 
the larger temperature difference, creates the impression that the environment is colder than it 
actually is, or causes the body to retain more heat than usual by cooling the skin unevenly. 
The transition between a loose vertical tubing array and tight horizontal drastically improved the 
mobility of the subjects, although there was a small loss in heat transmission.  This loss was 
almost certainly a result of a looser fit created by the underarm lacing as opposed to the 
horizontal wrapping used in Copper 1. 
 
Recommendations 
The use of copper tubing in LCG applications has severe drawbacks which must be considered.  
The inflexibility of metallic components, together with the hardware required to secure them, 
creates problems for the user.  Future prototypes should make use of small-diameter polymer 
tubing instead of large-diameter copper tubing.  This will enhance the ergonomics; comfort and 
effectiveness of the device, not to mention increase its manufacturability and lower costs.    
The users perception of the vests cooling effect had no relation to the actual heat transfer 
achieved.  For this reason, future testing should discard survey questions related to the actual 
cooling.   However, the survey questions relating to ergonomics are useful for eliminating 
awkward or restrictive designs. 
 
Conclusion 
The success criterion for the vest has not been met, therefore this project has not achieved its 
primary aim. 
However, this project has investigated a method for optimizing a high-performance LCG vest 
based on experimental data instead of abstract formulas  The orientation and mounting of this 
tubing has repercussions for user comfort and ergonomics, but not heat exchange.  As such, there 
has been an improvement to the students understanding of thermodynamics and practical product 
design.  It has also provided an excellent learning opportunity and exercise in scholarly research 
and the application of scholarly research.  
 
 
 
 
 
APPENDIX J– Resume 
 
Nick Forsgaard 
  
Education 
    
 
9/2015 to 
present 
Central Washington University – Ellensburg, WA 
Coursework in Mechanical Engineering Technology 
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9/2009 to 
8/2013 
Western Washington University - Bellingham, WA 
Coursework in Manufacturing Engineering including Engine 
Mechanics, Engineering Statics, Materials and Machining. 
WWU Rugby Football Club. 
 
 
 
1/2014 to 
8/2014 
Bellevue College - Bellevue, WA 
Classes in Manufacturing Engineering Including Physics and 
Engineering Dynamics. 
 
 
Employment History 
 
 
10/2014 to 
9/2015 
Albert Lee Appliance- Seattle, WA 
Deliveryman  
Reference: Rich Leffingwell, Dispatch manager (206) 706-2532 
EXT 1700 
 
 
 
8/2013 to 
9/2014 
Roberto's Pizza and Pasta - Mercer Island, WA 
Dishwasher 
Reference: Kris Robbins, manager (206) 232-7383 
 
 
 
8/2011 to 
9/2011 
E-Recycle - Mercer Island, WA  
Computer Repairman 
Reference: Steve Lee, manager (206) 230-8188 
 
 
Skills 
Computer Programming Languages 
 
•  HTML 
•  C++ 
Foreign Languages 
 •  Spanish 
Graphics/Publishing Skills & Software 
 •  Adobe Dreamweaver 
 •  GIMP 
Engineering (Skills and Software) 
 •  DS Catia 
 •  Lathe Machining 
 •  MIG Welding 
 •  Milling Machining 
 
•  SolidWorks 
 
Awards and Achievements 
  Eagle Scout, Boy Scouts of America, awarded 3/2009.  
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